Abstract: Association mapping was used to investigate the genetic basis of variation within Brassica rapa, which is an important vegetable and oil crop. We analyzed the variation of phytate and phosphate levels in seeds and leaves and additional developmental and morphological traits in a set of diverse B. rapa accessions and tested association of these traits with AFLP markers. The analysis of population structure revealed four subgroups in the population. Trait values differed between these subgroups, thus defining associations between population structure and trait values, even for traits such as phytate and phosphate levels. Marker-trait associations were investigated both with and without taking population structure into account. One hundred and seventy markers were found to be associated with the observed traits without correction for population structure. Association analysis with correction for population structure led to the identification of 27 markers, 6 of which had known map positions; 3 of these were confirmed in additional QTL mapping studies.
Introduction
The traditional method to investigate the genetic basis of variation within the germplasm of a plant species is mapping of quantitative trait loci (QTLs) in specially designed segregating populations. Such populations are derived from crosses of 2 parental lines commonly differing for the trait(s) of interest. Major limitations of this procedure (Flint-Garcia et al. 2003; Gupta et al. 2005 ) are as follows: (i) only those QTLs for which parents differ will be de-tected; (ii) the precision of QTL location is limited because of the relatively low amount of recombination that can occur in most, often relatively small, biparental offspring populations; and (iii) the development of populations takes a considerable amount of time. An alternative strategy is association mapping (Flint-Garcia et al. 2003) , which uses the linkage disequilibrium (LD) occurring in natural or breeding populations. Typically more variation can be observed in natural and breeding populations than in segregating populations. Marker-trait associations can be detected in collections of unrelated genotypes when linkage disequilibrium stemming from the linkage between a marker and a causal gene underlying the trait has not yet been completely broken by recombination events. The disadvantage of such collections or populations is that linkage disequilibrium also occurs for reasons other than genetic linkage, such as drift, selection, and admixture of populations.
Association mapping, or LD analysis, has been used widely in humans (Kruglyak 1999) and animals (Farnir et al. 2000; Nsengimana et al. 2004) , and many markers have been identified that appear to be closely linked to genes affecting complex diseases (Lander and Schork 1994; Jorde 2000) . Association mapping has been applied to plants as well, at the level of both individual genes and the whole genome (Gupta et al. 2005; Mackay and Powell 2007) . Understanding the degree of LD across the genome in sampled populations will facilitate the choice of appropriate methods and germplasm collections for genetic association mapping (Varshney et al. 2005) . Studies in Arabidopsis (Nordborg et al. 2002 (Nordborg et al. , 2005 , maize (Remington et al. 2001; Tenaillon et al. 2001; Palaisa et al. 2003) , rice (Garris et al. 2003) , and barley (Kraakman et al. 2004 ) have shown the impact of biological and historical factors on the extent of LD, explaining the variable degrees of LD. The development of highthroughput genotyping techniques and new statistical methodologies has allowed more efficient use of this genetic approach, resulting in a growing number of publications describing research on marker-trait associations in germplasm or cultivar collections (Aranzana et al. 2005; Breseghello and Sorrells 2006; Kraakman et al. 2006; Malosetti et al. 2007) .
The genus Brassica has a long history of worldwide cultivation and comprises a large and diverse group of important vegetable, oil, fodder, and condiment crops. The organs consumed as food are different in various Brassica rapa morphotypes such as leafy vegetables, turnips, and oil types. Therefore, morphological characteristics such as rosette morphology, leaf shape and structure, enlarged taproot, branching habit, and size of the seedpods differ probably because of directed selection for specific variants. Flowering time and leaf number also vary greatly within B. rapa, which is possibly important for the selection of plants to meet growth environments and consumer needs. However, other traits have not or have much less rigorously been subjected to human selection and might show variation independent of the use of the crop. An example of this might be nutrient composition, which is important for future plant breeding programs, provided sufficient variation is present. Brassica species and varieties provide a useful source of protein, vitamin C, secondary metabolites such as glucosinolates, and phosphate and other minerals for humans and animals. However, anti-nutritional substances, such as phytic acid in B. napus seed meal used as feed for animals (Peng et al. 2001) , are an example of nutrient compounds for which reduction is desired. Phytic acid is considered to be an anti-nutritional substance because the highly negatively charged phosphates in this acid form a complex (phytate) with cations (potassium, magnesium, iron, and zinc) that are therefore not bioavailable, resulting in micronutrient (iron and zinc) deficiencies in animals and humans. In fact, there is considerable intraspecific variation in phytate concentration among edible plant parts (White and Broadley 2005) . A 3-fold difference in phytate levels between cultivars was observed in B. napus (Mollers et al. 1999) . The screening of a number of Arabidopsis thaliana accessions revealed a wide range of variation in phytate levels, from 7.0 mg to 23.1 mg of phytate per gram of dry seed (Bentsink et al. 2003) .
In this study we analysed the variation of phytate and phosphate in a diverse set of B. rapa accessions and tested whether association mapping could be used to identify genomic regions controlling these traits. Additionally, we compared the outcome of association mapping for phytate and phosphate content with that for the traits flowering time, leaf edge shape, presence of leaf hairs, and leaf number, for which it is assumed that selection depending on the use of the crop has taken place.
Materials and methods

Plant materials
A collection of 160 Brassica rapa accessions encompassing a wide range of morphological types and geographical origins was used in this study. The accessions were obtained from the Dutch Crop Genetic Resources Center (CGN) in Wageningen and the Chinese Academy of Agricultural Sciences (Institute for Vegetable and Flowers (CAAS-IVF) and Oil Crop Research Institute (CAAS-OCRI)) and from T.C. Osborn (University of Wisconsin, Madison, USA), who provided 3 parental lines of mapping populations. The collection includes traditional cultivars, breeding material, and modern cultivars originating from different geographical locations. All of the accessions used in the study and their origins are listed in Table S1 2 and described in Zhao et al. (2005) . Most of the accessions are self-incompatible and outcrossing. Therefore, they will be genetically heterogeneous at some loci. However, phenotypically the accessions are very uniform, based on visual observations of 4 replications, which have also been rescored and confirmed in recent experiments (coefficient of variation within accessions: leaf number, 0.07; leaf edge shape, 0.07; flowering time, 0.10; and leaf phytate, 0.19).
Phenotyping
The collection of 160 accessions was grown 3 times. One plant from each accession was selected and its young leaves or flower buds were collected for DNA isolation and AFLP genotyping as described in a previous study . Since many accessions are not homozygous for all markers and we analysed DNA from only 1 plant per accession, we could not assay all allelic information. Three batches of mature seeds from 1 plant of each accession were used for phytate and phosphate analysis (SPHY and SPHO, respectively) .
A second set of 4 non-vernalized plants per accession was grown under similar soil and light conditions in the greenhouse from November 2002 to February 2003 in Wageningen and was used to score the number of days to flowering (NDF). For some very late turnip and Chinese cabbage types, which did not flower within the experimental period, NDF was set to 120 days. One whole leaf was collected and lyophilized from each of four 5-week-old plants of each accession to measure phytate and phosphate contents (LPHY and LPHO, respectively) (mg/g dry mass). Leaves of 2 plants were ground together to represent 1 biological replication. The phytate and phosphate levels were determined using HPLC as described by Bentsink et al. (2003) with minor modifications.
A third set of 3 non-vernalized plants per accession was grown under similar soil and light conditions in the greenhouse from March to May 2003 in Wageningen and was used to measure leaf number (LN) at 4 weeks after sowing. Additionally, the leaf edge shape (LES: 1, entire; 2, slightly serrated; 3, moderately serrated; 4, fully serrated) and density of leaf trichomes (LT: 0, no trichomes; 1, few trichomes; 2, many trichomes) were scored.
Data analysis for summary statistics, one-way analysis of variance (ANOVA), and correlation analysis were performed in GenStat release 8.1.
Genotyping
The B. rapa accessions in this study have been genotyped using AFLP fingerprinting . In total, 437 scorable amplification products ranging from 50 bp to 500 bp were generated with 4 primer combinations (pAT/ mCCA, pGG/mCAA, pAG/mCAC, and pTA/mCAT). Of the 437 AFLP bands, 389 were polymorphic.
Map positions of markers were derived from an integrated map with AFLP and SSR markers that was based on 2 double haploid (DH) populations, DH-38 (PC-175 Â YS-143) and DH-30 (VT-115 Â YS-143), sharing the common parent YS-143 (Zhao 2007 and unpublished data) . The three parental lines (Yellow sarson, YS-143; Pak choi, PC-175; and vegetable turnip, VT-115) were included in the AFLP fingerprinting study, allowing comparison of the AFLP markers based on band size. Of the AFLP markers used to detect association among the 160 accessions, 76 were mapped on the integrated map, with 3 to 11 markers per chromosome (= R-linkage group). The nearly 300 remaining AFLPs could not be mapped because most of them were either not polymorphic or were absent in parental lines of the DH mapping populations.
Population structure
The program structure version 2.1 was used to identify groups in the population using a Bayesian approach (Pritchard et al. 2000; Falush et al. 2003) . The accessions are classified into a pre-set number of clusters such that LD does not occur within the groups, whereas LD is present between groups.
Within structure, we tested with a model allowing population admixture, implying that genotypes can have a mixed ancestry, and assumed independent allele frequencies between subpopulations. The number of subpopulations (K) was set to vary between 1 and 10, and for each fixed number of subpopulations, 2 independent Markov Chain Monte Carlo analyses were run using 600 000 iterations for each; the first 100 000 iterations were discarded as burn-in. The likelihood of the different K values is calculated and the value of K with the highest likelihood can be interpreted to correspond to the number of clusters in the sample. Moreover, under the model with admixture, structure estimates the membership probabilities, i.e., it assigns every genome proportionally to each cluster and thus allows identification To test the homogeneity of AFLP band frequencies across the 4 subpopulations, Fisher's exact test was applied to contingency tables of marker presence/absence versus subpopulation using SAS 1 software (SAS Institute Inc. 1999).
Analysis of LD between markers
To investigate LD between pairs of markers, LD was calculated within subpopulations, restricting the analysis to mapped markers whose absolute band frequency was between 5 and (N i -5), where N i is the size of the subpopulation i (i = 1, . . ., 4). Chi-square tests of association were calculated for the 2 Â 2 contingency tables formed from the band presence/absence scores for the pairs of loci that fulfilled the frequency condition in a particular subpopulation.
The p values of these tests were combined across subpopulations for pairs of loci to form the statistic À2
which should be distributed as 2 ð2kÞ (Fisher 1954) , with k being the number of subpopulations for which the association could be calculated (k 4). The overall amount of LD between pairs of marker loci used the p value of the combination statistic expressed as -log 10 (p value). This latter quantity was plotted against genetic distance (in cM) to investigate LD decay.
Association analysis of quantitative traits
Association analysis of quantitative traits (LN, NDF, VDF, LPHO, LPHY, SPHO, and SPHY) was performed in 3 steps with a series of increasingly complex mixed models and was carried out in Genstat (Payne and Arnold 2002) using restricted maximum likelihood.
Model 1: phenotypic response = marker + error
This model corresponds to a series of simple t tests, without correction for population substructure and additional QTLs present elsewhere in the genome. The design matrix corresponding to the fixed effects (marker) is a vector corresponding to the marker scores, i.e., a vector having the value 1 if a band is present and 0 otherwise.
Model 2: phenotypic response = structure + marker + error
This model corrects for population substructure by adding a random term to model 1, labeled ''structure'', containing the subgroup membership probabilities (Q matrix) obtained from structure (Pritchard et al. 2000; Falush et al. 2003) . The design matrix for the random term (structure) contains the membership probabilities for each subgroup. This model is very similar to that described in Yu et al. (2006) , with the difference that here we use the membership probabilities matrix instead of 0/1 scores as described in Yu et al. (2006) . Therefore, our design matrix measures not only the differences among subgroups but also differences among accessions.
Model 3: phenotypic response = structure + selected marker subset + error
This model is a multi-QTL model with a correction for population substructure, like model 2, obtained from the set of putative QTLs (markers) identified by model 2 after a cleaning-up by backward selection.
Another set of traits, such as LES and LT, were measured as ordered categories, and for those traits association analysis was based on ordinal regression (Dobson 2002) , using the analogue of the 3 models above.
Correction for multiple testing
The previous association tests (marker-trait and markermarker) were subjected to correction aimed at controlling the false discovery rate (FDR). The FDR is the expected proportion of false positives in the set of all rejected tests, i.e., the proportion of false associations in the total set of significant associations. The p values obtained in the different analysis were adjusted according to the two-stage linear step-up procedure (Benjamini and Yekutieli 2005) from which q values were obtained. These q values attribute to each test a measure of significance in terms of the FDR. Here we set the significance level to 0.05.
Results
Population structure
In a previous study , cluster analysis using the unweighted pair group method with arithmetic averages (UPGMA) produced a phenetic tree that suggested 2 main groups based on the origin of the material (Asia versus Europe), plus a small group of spring oil types from India and Bangladesh. The model-based approach of structure suggests the presence of 4 subpopulations consisting of 3 large groups -S1, consisting of 60 accessions; S2, consisting of 40 accessions; and S4, consisting of 51 accessionsand 1 small group, S3, with 9 accessions ( Fig. 1 ; Table 2;  Table S1 2 ). Most Oriental accessions are grouped into S1 and S4, and most Western accessions are grouped into S2, while the spring oil types from India and Bangladesh group into S3.
The S1 subpopulation of accessions encompasses all Pak choi types (including 2 Caixin and 1 Wutacai accession) and most of the turnip rape accessions from China, 4 winter turnip rape accessions from Pakistan, 8 Japanese turnips, 1 turnip from Pakistan, and 1 turnip from Russia, and 3 Japanese Neep greens (2 Komatsuna and 1 turnip green accession). Two Mizuna accessions from Japan and the Netherlands are also grouped into S1 with an admixture of S2, S3, and S4. S4 is another subpopulation of Oriental origin and encompasses 41 accessions of Chinese cabbage cultivars from Asia (China, Korea, and Japan) and 7 from Western countries. The S4 group also includes 1 French turnip accession with S2 admixture plus 1 Chinese turnip rape and 1 Japanese turnip green admixed with S1 and S2. The accessions of subpopulation S2 originate mainly from Western countries, comprising 25 European turnips and 3 turnips from Uzbekistan and India, 6 Italian Broccolettos, and 6 oil types from the USA, Canada, Sweden, and Pakistan. The small but distinct S3 subpopulation is formed by spring oil types comprising 2 Yellow sarsons originating from India, 6 spring turnip rape cultivars from Bangladesh, and 1 rapid cycling line from the USA, which probably is derived from the Yellow sarson types from the Indian subcontinent.
Of the 233 polymorphic markers, 119 were associated with the 4 structured subgroups (p < 0.0001). Marker band frequency differences between the groups may be responsible for phenotypic differences, but not necessarily so.
Analysis of marker-marker associations
The analysis of marker-marker associations within subpopulations showed a few cases of significant LD up to around 80 cM (Fig. 2) , but there was no clear LD decay with genetic distance. Furthermore, LD between markers on different chromosomes, concentrated at 120 cM in Fig. 2 , was sometimes higher than the LD between markers on the same chromosome. A reason for the absence of LD decay may be the relatively small number of marker pairs located on the same linkage group (115).
Variation in observed traits
The distributions of traits and the correlations between traits are shown in Fig. 3 , separately for the subgroups S1 to S4. Statistics for all observed traits, organized in different subpopulations, are summarized in Table 3 .
Leaf characteristics including leaf edge shape (LES), leaf trichomes (LT), and leaf number (LN) are important morphological traits distinguishing vegetable B. rapa types. The distribution of LES and LT is related to the structured subpopulations (Figs. 3A, 3B ; Table 3 ). More than 50% of the accessions in S1 have entire leaves (LES = 1), most of the accessions in S2 and S3 have moderately serrated leaves (LES = 3), most of the accessions in S4 have very lightly serrated leaves (LES = 2), and 1 Mizuna and some winter oil accessions in S1 and S2 have severely serrated leaves (LES = 4). The different classes of leaf trichome frequency (0, 1, and 2) are distributed within each subpopulation, but most of the accessions in S1 (mainly Pak choi) have a hairless leaf surface and most of the accessions in S4 (Chinese cabbage) have few or no trichomes. The variation of LES and LT was significantly different (p < 0.01) between different subpopulations. For LN, the range was similar in S2, S3, and S4, from 6 to 13 leaves ( Fig. 3C; Table 3 ). Within S1, the variation of LN is higher (5-31) because of 2 Mizuna and 1 Wutacai accession with many leaves. The mean value of LN in S2 is lower although 2 accessions (1 spring and 1 winter oil type) had a high value of 11.5. The variation of LN differed (p = 0.01) between subpopulations.
Flowering time is a very important developmental trait in B. rapa, and wide variation in days to flowering was observed within the collection; more than a 3-fold difference was found between accessions without vernalization (NDF, 30-103 days) and those with vernalization (VDF, 20-75 days) when non-flowering plants were excluded (Figs. 3D, 3E ; Table 3 ). Under non-vernalization conditions, only 52 accessions flowered, including 26 accessions in S1 (15 Pak choi, 2 Caixin, 2 Komatsuna, 1 vegetable turnip, 4 winter turnip rape, and 2 Chinese oil type cultivars), 6 Broccoletto and 4 oil type accessions in S2, all spring oil accessions in S3, and 6 Chinese cabbage cultivars and 1 Chinese oil type in S4. Late forms of Chinese cabbage in S4 re- Fig. 3 . Natural variation of (A) leaf edge shape (LES: 1, entire; 2, slightly serrated; 3, moderately serrated; 4, fully serrated), (B) leaf trichomes (LT: 0, no trichomes; 1, few trichomes; 2, many trichomes), and (C) leaf number (LN); (D) flowering time without vernalization (NDF, days) and flowering time after vernalization (VDF, days); and phytate and phosphate concentrations in (E) leaves (LPHY and LPHO, mg/g dry mass) and (F) seeds (SPHY and SPHO, mg/g dry mass) of 160 B. rapa accessions. The different symbols refer to the different subgroups as illustrated in Fig. 1 . &, S1;~, S2; Â, S3; *, S4. sponded strongly to vernalization, whereas only 8 Japanese turnips in S1 and 2 other turnips in S2 flowered upon vernalization. Most turnip accessions in S2 and 2 turnips in S1 did not flower after vernalization, which may indicate that these accessions require a longer period of cold or vernalization at a later stage of development to induce flowering. The differences in flowering time are also associated with population structure, as illustrated in Table 3 . The variation of NDF and VDF was significantly different (p < 0.01) between different subpopulations.
The levels of phytate in seeds were 10 times higher than those in leaves. However, phosphate levels in leaves were 10 times higher than those in seeds. Across the accessions, a positive correlation between the two compounds was detected at p < 0.01, with a correlation coefficient of r = 0.52 in leaves and of r = 0.44 in seeds (Figs. 3F, 3G) . The correlation between phytate in seeds and phosphate in leaves was low (r = -0.21) and not significant. In leaves, the variation of phytate (LPHY, 0-3.4 mg/g dry mass) and phosphate (LPHO, 3.7-30.5 mg/g dry mass) was large. In some oil type accessions, phytate levels were below detection level in leaves. Variation in seeds was less, being 16.7-30.4 mg/g (dry mass) for phytate and 0.7-3.1 mg/g (dry mass) for phosphate.
Variation of phytate and phosphate levels was observed within each subpopulation (Figs. 3E, 3F ; Table 3 ). The variation was significantly different between subpopulations at p < 0.05 for SPHY and p < 0.01 for SPHO, LPHY, and LPHO. However, for SPHO and SPHY, only 87 accessions were evaluated because many accessions (mainly turnips in S2) did not produce enough seeds. Although the phytate and phosphate concentrations in Chinese cabbages in S4 and spring oil accessions in S3 were lower than those in Pak choi accessions in S1 and turnip accessions in S2, the range of variation, for both seeds and leaves in each subgroup, is overlapping within this B. rapa collection.
Association mapping
Association between markers and quantitative traits was examined using 3 models: a simple t test, a model correcting for population structure, and a multi-QTL procedure (Table  S2 2 ) . Fig. 4 illustrates that the 3 different models detect quite different numbers of markers that are strongly associated with the traits analyzed. Using the t test (model 1), 170 markers (from 0 to 107 markers/trait) were found to be associated with observed traits, including many markers for NDF, VDF, LPHO, and LPHY. When population structure was used in the mixed models (models 2 and 3) to correct for spurious associations, the number of markers associated with the different traits was much lower. However, the associations identified without taking population structure into account in model 1 can be either associated with the trait or spurious and related to the population structure.
The statistically preferable multi-QTL procedure (model 3), with correction for population structure and genetic background noise, detected only a few significant markers (0-6) per trait. Table 4 shows an overview of all significant associations between measured traits and AFLP markers using the multi-QTL procedure. The linkage group of the associated marker is listed together with previously identified QTLs in the same group. In total, 27 markers, of which 6 had known map positions, were associated with the 8 traits at p < 0.05.
For leaf traits (LES, LT, and LN), 13 associated AFLP markers were detected with p < 0.05 using the multi-QTL model. Of the 5 markers associated with LES, only 1 (pAG/ mCAC0090.5) was mapped, namely at the bottom of linkage group R08. One marker associated with LT was mapped on R05. Leaf number was associated with 6 markers with unknown map position (Table 4) . One unmapped AFLP marker (pAG/mCAC073.0) was associated with both LN Note: One-way analysis of variance (ANOVA) between subpopulations: *, significant at p < 0.05; **, significant at p < 0.01. SD, standard deviation. See Table 1 for definitions of trait abbreviations. Fig. 4 . Number of markers associated with traits, as resulting from three different models. and flowering time (NDF and VDF), which will contribute to a correlation between the two traits. Eleven markers were associated with days to flowering. However, only 1 AFLP marker (pAG/mCAC073.0) was associated with both NDF and VDF, which explains why the two traits were not that strongly correlated. VDF was associated with 6 markers, 3 of which had a known map position and were distributed over R02, R03, and R05. One associated marker (pAT/ mCCA0135.0) was located on R03, close to the position of a flowering time QTL (FLQTL-4) that had been identified in our previous study (Zhao 2007) . The 6 markers that were correlated with NDF had no known map position.
For phytate and phosphate levels in seeds and leaves, 7 associated AFLP markers were detected with p < 0.05. One unmapped marker (pTA/mCCA076.9) was associated with both LPHY and LPHO, which illustrates close linkage or pleiotropy of the two traits. However, association with the same markers was not detected for SPHY and SPHO. For 2 markers associated with these 4 traits, the map positions were known and QTLs were identified at those positions in mapping studies (Zhao 2007) . The marker pAG/ mCAC0316.7, related to LPHY, co-localized with a strong QTL region related to LPHY on R07 based on 3 DH populations analyzed in a previous study (Zhao 2007 ). Furthermore, for a marker (pTA/CAT0230.2) mapped on R02, an association to SPHY was detected with p = 0.017.
The smallest detected differences in trait means between marker genotypes for the models used give some indication of the power of the present study. The present association analysis (model 1) was able to detect differences between marker genotypes of 1.1 for the mean number of leaves, 10.6 days for flowering time (with and without vernalization), 2.4 mg/g for leaf phosphate, 0.2 mg/g for leaf phytate, and 2.3 mg/g for seed phytate. For seed phosphate no marker-trait associations were found, whereas a maximum difference of 0.6 mg/g in seed phosphate means was observed.
Discussion
In the present study we analysed a number of traits in a set of B. rapa genotypes representing the various cultivar types in the germplasm of this species. For these genotypes AFLP analyses had been performed, which indicated a loose population structure based on UPGMA . Although for each accession the phenotypes were assessed on plants that were different from the plants that were genotyped, we assume that for most relevant loci the genotypes Note: QTLs were identified in QTL analysis in 4 double haploid populations and one F 2 population as described by Zhao (2007) and Lou et al. (2007) . See Table 1 for definitions of trait abbreviations.
*QTLs identified in previous studies in a similar genomic region (FLQTL-4, flowering time QTL).
were identical, since we noticed hardly any phenotypic variation within accessions. Based on allele frequencies, the analysis of the same AFLP data set with the program structure confirmed the above result and suggested 4 subgroups (Pak choi, group S1; turnip, group S2; spring oil, group S3; and Chinese cabbage, group S4). The structured subgroups S1 and S4 belonged mainly to the UPGMA group 1, and the structured subgroup S2 belonged mainly to the UPGMA group 2. From the structure results, the admixture between accessions could also be detected (Table S1 2 ). For example, several Pak choi accessions and Chinese oil types in S1 share a genetic background with S4, which is possibly related to their breeding history. This population structure was taken into account in the analysis of variation of a number of traits determined in these materials. The number of leaves was evaluated at the 4-week-old plant stage, which does not reflect the whole vegetable development process because some vegetable types form more leaves during later development. Flowering time of B. rapa species used as vegetables or turnips is agronomically important because it relates to yield and quality. Flowering time was assessed with and without vernalization in the present study. Chinese cabbage and turnip types displayed a different vernalization requirement compared with other cultivar groups, which suggests that different genes affecting flowering time are present in these groups. Vernalization greatly reduced the range of variation in flowering time when non-flowering plants were excluded.
The extensive variation of leaf phosphate might be used to breed for better phosphate use efficiency. Phytate content is relevant for oilseed types, because the meal is used as feed, and a 2-fold range of variation in seed phytate levels exists. We also observed a positive correlation of phytate and phosphate, as has been reported in Arabidopsis (Bentsink et al. 2003) and corn (Raboy et al. 2001) . Despite this general correlation, a few accessions were identified with relatively high phosphate and low phytate levels in seeds, compared with the mean values of 22.8 mg/g for phytate and 1.4 mg/g for phosphate. Examples are the spring oil accession SO-032 (phytate, 21.8 mg/g; phosphate, 2.8 mg/g) and the winter oil accession WO-082 (phytate, 18.3 mg/g; phosphate, 3.6 mg/g). For leaf content also some genotypes with a strongly altered relationship between phosphate and phytate levels were found. The vegetable turnip accessions VT-015 and WO-024 have a higher phosphate level (30.5 mg/g and 28.6 mg/g) but a low phytate level (1.43 mg/g and 1.19 mg/g), and all spring oil accessions in S3 have lower or non-detectable phytate levels (from 0 to 0.9 mg/g). In future Brassica breeding programs, it will be possible to combine high phosphate and low phytate levels and to select ideal genotypes as parents of mapping populations for QTL identification.
Naturally occurring genetic variation is a useful resource for the genetic mapping of complex phenotypic traits (Koornneef et al. 2004 ). We applied association mapping in B. rapa for identification of genetic markers associated with leaf traits, flowering time, and phosphate levels and to compare the outcome of association mapping with QTLs detected in DH populations that we developed for this purpose. The presence of population structure may affect LD and produce false positives. The associations among markers themselves were also examined; markers that differ in allele frequency between subpopulations provide an example of LD due to population structure. Some of these markers may be responsible for observed phenotypic differences between the groups. However, marker frequencies between groups can also differ because of chance processes. For example, the frequency of one band, pAG/mCAC085.6, clearly differed between subgroups (71.7% for S1, 15.0% for S2, 90.0% for S3, and 72% for S4). When this band was present, the mean leaf phosphate level (LPHO; 14.1 mg/g for absence and 10.0 mg/g for presence) decreased 29.1%. We cannot discriminate between chance and nonchance associations at the level of the phenotypic differences between groups.
It is difficult to estimate the marker density needed to maintain power in association analysis because for most markers used in this study the map position is not known. Although LD among a subset of mapped markers could be observed up to a distance of 80 cM, too few marker pairs were used to assess LD decay with sufficient accuracy. Based on the limited amount of mapping data, we could not obtain sufficient information on LD decay. Therefore, it is difficult to compare our data on the extent of LD with that in Arabidopsis or other plant species.
Since trait values differed significantly between subgroups, an association between population structure and these trait values is suggested even for traits such as phytate and phosphate levels, for which we assumed no selection had occurred. Markers associated with the traits analyzed are shown for models 1 to 3 in Table S2 2 . Therefore, a number of associations were identified without correction for population structure, of which some can still point to ''causal'' QTLs. Those markers are responsible for the phenotypic differences but are also related to structure, as also suggested for Arabidopsis (Aranzana et al. 2005) . For example, one marker, pAT/mCCA430.9 (mapped on R07), was significantly associated with leaf number (LN) before correction for population structure (Table S2) , and a QTL in this region was also detected for LN in our previous study (Lou et al. 2007 ). This association might indicate true linkage, although it disappeared after correction for population structure. Markers that show association after correction for substructure can more reliably be interpreted as being linked to QTLs. In the present study, the outcomes of association analysis were partly similar for models 2 and 3. The associations for LES, LT, LPHO, LPHY, SPHO, and SPHY identified by model 2 are also apparent in model 3. However, the number of markers associated with LN, NDF, and VDF in model 3 is reduced compared with that in model 2 (Fig. 4) because correlations between markers are taken into account in model 3 and redundant markers are removed.
The traits studied in this paper have also been analysed in a set of mapping populations including 8 parents (Lou et al. 2007) . These analyses identified a number of QTLs related to the different traits. Multiple QTLs can underlie trait variation. Since most of the AFLPs in this study were not mapped, we could not conclude that multiple associated markers referred to an equal number of genome positions. One objective of future studies is to use mapped markers for association mapping. Many SSR markers and increasing sequencing information for B. rapa are already available (http://www.brassica.info), which makes it possible to profile SSR and gene-target markers across all accessions, allowing determination of the LD level across the genome and facilitating the identification of QTLs in B. rapa.
Confirmation of some of the marker-trait associations by QTL analysis indicated that association mapping allows the detection of linkage with moderately frequent alleles, which thereafter can be confirmed by linkage analysis in mapping populations designed on the basis of phenotype and marker contrasts identified in association mapping studies.
